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AERONAUTIC SYMBOLS

i, FUNDAMENTAL AND DERIVED UNITS

i Metric English
Symbol i
. b 8~ - ! o s
Unit Ab;_revm Unit i Abbreviation
won :
Length______ i meter_._________.______ m foot (ormiley_ ________ ! ft (or mi)
........ t second.________________ & second (or hour)..___.__} sec {or br)
Foree_ _______ F weight of 1 kilogram_____ kg weight of 1 pound.____ b
|
Power___._.__ P horsepower {metric)_____j____._____ horsepower_ .. _____. “hp
| Speed v kilometers per bour______ kph ! miles per hour-. . _____| mph
Peet- - - - t{meters per second_..__._ mps | feet per second..__..._. ips j
2. GENERAL SYMBOLS
Weight=mg ¥ Kinematic viscosity
Standard acecleration of gravity=280665 m/s? Density {mass per unit volums)

or 32.1740 {t/sed?
Mass=—

Moment of inertia=m#k% (Indicate axis of
radius of gyration k by proper subscript.)
Coeflicient of viscosity

Standard densiry of dry air, 0.12497 kg-m~*s?at 15° C
gnd 760 mm; or 0.002378 [b-ftr* sec"

Specific mughb of ‘“standard”

air, 1.2255 kg/m® or

0.07651 Ib/cu ft

3. AERODYNAMIC SYMBOLS

Ares

Area of wing
Gap

Span

Chord

a
-

Aspect ratio, 5
True air speed

) 1 o,
Dynamic pressure, 5 pV?

Lift, absolute coefficient CL=Q—I:S,

Drag, absolute coefficient CD:qDTS

Profile drag, absolute coefficient Cpo=q—‘—§

Induced drag, absolute coefficient £ = ?é
D

Puresite drag, absolute eoefficient (' o, ng

Cross-wind force. absolute coefficient CC:Q%’

€?«l"f L i e T S .
- = = R N o,
A

ud

A

Angle of setting of wings (relative to thrust line)

Angle of stabilizer setting ‘relative 190
line}

Resultant moment
Resultant angular velocity

Reynolds number, p }; where { is g linear dimen-

sion {(e.g., for an airfoil of 1.0 {t chord, 100
mph, standard pressure at 15° C, the corre-
sponding Reynolds number is 935,400; or for
an airfoil of 1.0 m chord, 100 mps, the corre-
sponding Reynolds number is 6,865,000}

Angle of attack

Angle of downwash

Angle of attack, infinite aspeet ratin

Angle of st1tack, induced

Angle of attack, ahsolute {measziirod from zero-
Lift position)

Flight-path aﬂ*l#%;?
AT
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DETERMINATION OF STRESSES IN GAS-TURBINE DISKS SUBJECTED TO PLASTIC FLOW
AND CREEP

By M. B. MiLLEnsoN and S. 8. ManNsowN

SUMMARY

A finite-difference method previously presented for comput-
ing elastic stresses in rotating disks is extended to include the
computation of the disk stresses when plastic flow and creep are
considered. A finite-difference method is employed to eliminate
numerical integration and to permit nontechnical personnel to
make the calculations with a minimum of engineering super-
viston. Illustrative examples are included to facilitate explana-
tion of the procedure by carrying out the computations on a
typical gas-turbine disk through a complete running cycle.

The results of the numerical examples presented indicate that
plastic flow markedly alters the «lastic-stress distribution.

INTRODUCTION

With the advent of jet propulsion as a motive force for air-
craft, the gas turbine has become an important source of
power. In most machinery, design stresses are limited by
the yield strength or the creep strength of the material em-
ployed, together with a certain factor of safety, and little or

no analytical consideration is given to the occurrence of -

plastic flow under operating conditions. Gas-turbine disks,
however, are required to operate under thermal gradients
and centrifugal forces producing stresses that, in materials
currently available, frequently exceed the yield strength,
resulting in plastic flow. The interaction of plastic flow and
creep, together with the variation of thermal gradients
through a series of cycles consisting in starting, running, and
stopping, can produce stress distributions and even failures
that might not be anticipated on a basis of elastic-stress
analysis.

A rapid routine method of elastic-stress analysis of rotating
disks is presented in reference 1, which gives accurate values
of the true stresses in disks provided that the yield strength
of the material is not exceeded. The finite-difference method
of reference 1 has been extended at the NACA Cleveland
laboratory to include consideration of plastic flow and creep,
which thus allows calculation of the true stresses in a gas-
turbine disk and gives the variation of stress distribution
with time. The handling of piastic flow is somewhat less
routine than the calculation of the elastic stresses in that a
repetitive trial procedure is required. With practice, the
correct, value can be obtained on the fourth or fifth trial.
The computation of the effect of ereep, although in procedure
the same as the computation of plastic flow, is a direet calcu-
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lation requiring no trial-and-error procedures. Because the
method eliminates numerical integration, nontechnical per-
sonnel can make the calculations with a minimum of engineer-
ing supervision.

SYMBOLS

The following symbols are used:
e creep rate under stress g, (in./(in.)(hr))
E  clastic modulus of disk material, (Ib/sq in.)
h axial thickness of disk, (in.)

atio [ S€p
R ratio (2«7,)

radial distance, (in.)

temperature, (°F)

radial displacement, (in.)

coefficient of thermal expansion between actual tem-
perature and temperature at zero thermal stress,
(in./(in.) (°F))

total creep under stress o,, (in./in.)

plastic increment of strain, (in./in.)

plastic increment of strain in radial direction, (in./in.)

plastic increment of strain in tangential direction,
(in./in.)

AT temperature increment above temperature of zero

thermal stress, (°F)

s, creep increment in radial direction, (in./in.)

8, creep increment in tangential direction, (in./in.)

€ strain, (in./in.)

¢, plastic strain corresponding to stress o, in tensile speci-

men, (in./in.)

R & N

bbb

~

€, radial strain, (in./in.)
€ tangential strain, (in./in.)
u Poisson’s ratio

p mass density of disk material, ((Ib)(sec?)/in.?)
G stress, (Ib/sq in.)
equivalent tensile stress, (Ib/sq in.)

0-6

o, radial stress, (Ib/sq in.)

o, tangential stress, (Ib/sq in.)

s, proportional elastic limit, (Ib/sq in.)
T time during which creep occurs, (hr)
w angular velocity, (radians/sec)

The following supplementary subscripts are used for de-
noting values of the preceding symbols in connection with
the finite-difference solution:

1
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n nth point station
n—1 (n-1)st point station
a station at smallest disk radius considered

(For disk with a central hole, this station is taken
at the radius of the central hole; for a solid disk, this
station is taken at a radius approximatcly 5 percent
of the rim radius.)

b station at rim of disk or base of blades

The following supplementary symbols denote combinations
of the foregoing symbols:

ﬁ"" stress coefficients defined by equations
L Urn:Arnota+Brn

B.,.[ " v '

B' oin=A1200.TBin
iLn

C, =r.h,
ot (ki) (ra—ra)

O E 2K, r,

1
Dn :§ (rn"_rn—l)hn

(1 +/~1n) (rw rry—l)
O ARt

Fn = rn—lhn—l

If, :7“71—] _ (1j#7L71)£7‘n_rrt—l)
" En_1 2E’n—lrn—l
Gn :El_‘)’ (rn'_rn—l)hn—l
Gl ]77_7(1_!_“71 1)('11 L 1)
1{411 1 2E11 1'n-1
H, =y & ra) (puba i pacsin i)
H,n:anAT"_an_lATn_l
F'.D,—-F,D,
K =¢.p—0n,
7 _OnF,n_C’anz
K= .p.=on,
L __GLDAGD,
e enD—CD,
o Gk C.G,
" C’ D -C.D,
i DA D H =Py — Q)
" c.D,—c,D,
M O QL

c.D,—C.D,

(M, and M’, are defined in reference 1 for the special
case P ,=@Q’,=0)

. ent upon stress-strain

[ *Arn< rn 1> —7 (
2’/1 +A1n 1 2’n 1 Alﬂ 1+ 2’,” +
Tpn—"Tp1
At (1", 12
;o —
Qn_BT.ﬂ zrn )+5rn 1( 2’,," L ) 6[7:<1+ 2rn >+

Tn_
suna (175,75

ANALYSIS OF PLASTIC FLOW AND CREEP

Assumptions.—Four assumptions are made in the subse-
quent analysis:

1. The disk material is linearly elastic up to a limiting
stress value, called the proportional elastic limit, and above
this limit plastic flow occurs.

2. All variables of material properties and operating
conditions are symmetrical about the axis of rotation.

3. Axial stresses may be neglected and the radial and
tangential stresses are uniform across the thickness of the
disk.

4. Temperatures are uniform across the thickness of the
disk.

Outline of method.— In any thin rotating disk, the com-
plete stress state is defined when the two principal stresses,
radial ¢, and tangential o,, arc known at every radius. Two
equations relating these stresses to the radius are required
to specify the stress distribution. The first of these equations
can be determined from the conditions of equilibrium of an
clement of the disk and involves no clastic properties of the
material. The second is derived from the compatibility
conditions, which state the interrelation of radial and
tangential strains. The compatibility conditions are depend-
phenomena and must  therefore
include any departure from linear clasticity. When modifica-
tion to allow for any possible departure from Hooke’s law
is made, the compatibility conditions become true for any
value of stress. The equation derived from the compatibility
conditions thus modified, together with the equilibrium
equation, is treated by the finite-difference method of refer-
ence 1, and similar equations are obtained. These equations
result in additional terms in the final equations, which arc
used to modify the result of the clastic calculation.

Whenever stresses under discussion have been calculated
by the method of 1efel ence 1 only, they will be referred to

“clastic stresses’”; where plastic flow and creep have been
taken into account, the stresses will be referred to as “plastic
stresses.”

Derivation of method.—The equilibrium equation, which
applies to both the elastic and plastic conditions, is

g; (rho) —ho vt po'rth=0 )

The clastic compatibility relations given in terms of the
radial displacement are

=" aaT ®)
and
="t anT 3)
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Equations (2) and (3) must be modified to include consider-
ation of plastic flow. When a material is stressed beyond the
proportional clastic limit, the strain in the material is
different from that indicated by Hooke’s law. The strain
under such a load may be considered as being made up of
two components, one clastic as predicted by the laws of clas-
ticity and one an increment of strain due to the flow that
occurs. Rewriting equations (2) and (3) on this basis gives

du__o,— o,

= =T aA T+ A, (4)
== T QA T A, (5)

Similarly, any creep that occurs represents an additional

departure from elastic behavior, which further modifies
equations (2) and (3) to

_du_o,—po AT-+A L5 6

6,——dr == E T QL T r+ r ( )

=TT AT A+, (7)

When the parameter « is eliminated as in reference 1,

=,y A Ry B

(8)

Applying the finite-difference method to equations (1)
and (8) and using the notation introduced in the scction
Symbols gives

Orzor, n

%(JEG,—%J,—!— ahAT+A+6,

Dnat.n:lnna'r,n,—l—*_(;no-t,n—l_lln (9)
and

' uo'r.n—D,n(’t,rz:ﬁvnar,n—l_ G,ngi,u—l +II’ n—P,n— Q,n (10)

The solution of the equations is facilitated by the substitu-
tion of the stress coefficients A4, ,, A,,, B,., and B, into
equations (9) and (10). Proceeding as in reference 1 results in
the equations

OnAr,n—Dni’ll.n_
C’7zf1r.n‘—D,n44 (X

Fn"‘ir.nn—l_
F‘,n"lr.n-l_*_G’7144l.n~1:0'
C"B’v"_D"B’"_FﬂBT, n—l_GnB:nAl_]l_Hn:O g (11)

C,nB"”_D/"BIJI_FV7IBr,n-1+
G/”'B’r”—I_H/nﬁ}_Z)’n’:‘“ Q"n;OJ

Gnl’lt,n—lzo\

All but the last of equations (11) and equations (15) of
reference 1 are identical. When equations (11) are solved
for A, ., 4,.,B.., and B,

Arn=KyAspor+LaA oy
A=K A+ LA
Brw=K,BptLaBinat+M,
B,,=K' B+ L,B,,..--M,

843440 —50——-2

The symbols K,, K., L,, and L’, have the same meaning
as n reference 1. The M, and M’, terms are now defined
as

D,an'l Dn(II' —"P,n

, D’ [ — Q') .
A= oD, —CD, (13)

i Ol G P =)
‘ .D,—c.D,

(13a)
The elastic case of reference 1 thus becomes a special case of
the more general problem in which P, and @', are both zero.

Evaluation of plastic terms. —In order to apply the finite-
difference method to problems involving plastic flow,
a relation between stresses and strains in the plastic region
must be established. In reference 2, a numerical-integration
method for computing disk stresses is presented in which
clongation is assumed to proceed at constant stress when the
proportional limit is reached. References 3 and 4 present
equations for the plastic relation of stress to strain based on
the maximum distortion theory. Relations can be derived
from the equations given in reference 4, which form a con-
venient means of finding the plastic inerements corresponding
to the stresses present in the disk. Rewriting these equations
in the notation ef this report and letting the subscripts
1, 2, and 3 denote the three principal directions in the most
general case give

-~

Al:g [(o1—02) + (01—03)]

A, “5 [(ey3—a) 4+ (es—a3)] (14)
Ba="s [(as—00) (o)
< J
rem NG e o)t (B
'\_

where the ratio R is defined in terms of the corresponding
uniaxial stress ¢, and plastic strain e, in a tensile specimen
by the relation

3e,

20,

R= (16)

When equations (14), (15), and (16) are reduced to the biaxial
condition, which is assumed to prevail in the disk (that is,
o3=0), and the finite-difference notation is introduced

Ar,n:{f (O'r,n"_ Ul.rz+ o'r,n) l

amn
R
3 (at,rt_or,n+01.n) J
T, —\o'rn UT;;:;L+GI" (18)
and
Rwlie,,,,, a
200, (19)

—
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FIGURE 1.—Uniaxial stress-strain curve showing relation between stress oo, n and plastie
strain ey a.

Substituting cquation (19) into equations (17) gives

€
Ar.n:ipﬁl (2°'r,n— O'r,n)

20,
' (20)
o,

Al.n:2o_e’n

(2010—0:0)

A typical uniaxial stress-strain curve illustrating the rela-
tion between effective stress o, , and effective plastic strain
€,,» on such a curve is shown in figure 1. Investigations at
the National FPhysical Laboratory of Great Britain on
turbine-disk alloys and experiments by Taylor and Quinney
(reference 5) were found to correlate well with equations
(20) for the range of strains over which the volume of the
material is approximately constant.

Equations (20) give the relations between plastic strains
and true stresses that will be used as the basis for numerical
calculations in the present report. The method of stress
analysis to be presented does not depend, however, on the
validity of these equations. As more accurate relations are
determined between stresses and strains, these relations may
readily be used in place of equations (20).

Calculation of plastic flow when no previous plastic flow
has occurred.—The determination of the plastic stresses in

REPORT NO. 906—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

sponding stresses and strains that satisfy equilibrium and
compatibility equations (9) and (10), and biaxial stress-strain
equations (20). The problem is approached by first corr-
puting the elastic stresses, and the equivalent uniaxial tensile
stress at each station is determined from cquation (18).
If at any station this stress exceeds the proportional elastic
limit of the material at the temperature at this station, then
plastic flow takes place, and it becomes necessary to resort
to a trial-and-crror procedure to adjust the stresses to allow
for this flow.

Assume, for example, the equivalent uniaxial stress at a
given station lies at point A on the extension of the modulus
line in figure 2. Because the point A lies above the propor-
tional elastic limit (point B), plastic flow must occur. The
stress and the strain must be adjusted to fall on the curved
stress-strain curve that is characteristic of the material.
As a starting point, the total strain in the true stress-strain
condition is assumed equal to the strain at A.. The stress-
strain condition at the given station then lies on the constant-
strain line through B, or at C. The plastic strain e, , is

-

Stress
@

Strain

FI1GURE 2.—Uniaxial stress-strain curve illustrating procedure used to find correct value of

the disk resolves itself into the problem of finding corre-

plastic strain.
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glvou by CD. Valuesof A, ., A, ,, and P’, may be obtained by
using this value of €5, together with the Valucs of 0,0, 011,

and ¢, , from the elastic calculations.
has been calculated, new values of o, ,, o,.,,

Once P’,
and ¢, , can be computed. The new value of o, , is greater
than that at point B, such as that at point E. Although the
stresses corresponding to ¢, , at point E together with the
strain CD meect the conditions of cquations (9) and (10),
they locate the stress-strain point F, which is not on the
stress-strain curve, so that the physical conditiens imposed

by the material are as yet unsatisfied. Inasmuch as any

value of ¢, , less than CD would give a value of ¢, , greater

i . Similarly,

than that at E, CD is a lower limit of .,
because the value of o, , calculated by using an ¢,, of CD

1s too great, the increment of strain EG corresponding to
Inasmuch as the true

this ¢, , is an upper limit of ¢,,

value of ¢,, lies between CD and EG, their numerical

average, shown as HK is assumed to be a good approxima-
New values of P’,, 0,4, 0,5, and o,, can be com-

tion. N ‘
puted by using HK for ¢, ,, the stress at E for o.,, and
Assume that this new value of o, , lies at

0rn a0d 0y,
the point M. Because the stress at M is higher than the
stress at H in value, the increment HK is too small a value
of ¢€,, and is therefore established as a new lower limit of
€,n- Further, because M is less than E, the corresponding
incremient MN is a hew upper limit for ¢, , and the process
could be repeated again with the numerical average of MN
and HK. Similarly, if the calculation using an ¢, , of HK
had resulted in a ¢,, at P, HK would constitute a new
upper limit and PQ a new lower limit. Had the resulting
g.n been at R, HK would have still become the new upper

Stress

limit of e,,, but CD would have remained as the lower
limit. The process is repeated until the value of ¢,, used
in the computation and the ¢,, corresponding to the
resulting ¢, , are equal o
Calculation of plastic flow when previous plastic low has € €
occurred.—The equations for strain that would apply to a €
disk that had already undergone the plastic strain are, Strain
FIGURE 3.—Uniaxial stress-strain curves showing components of strain when plastic flow
” o occurs a second time.
=7 +aAT+[A]+A, 21)
load and the temperature change, the stress position on the
new stress-strain curve would be the same as if a test speci-
men were loaded above the yield point, the load removed,

‘“”+ ATH[A]+A, (21a)

Et—"
] represent strains already

Here the terms [A,] and | y
existent in the material before the application of stresses o,

and o, and are constant for the calculation, whereas A,

and A, represent the components of plastic strain resulting

' from the application of o, and ¢,. In the solution of the
equations by the finite-difference method, a term [P’,]

appears together with term P When previous plastic
flow has occurred only once, [£’,] is identical with P’, from
the previous calculation; where plastic flow has previously

occurred more than once, [P’,] is the algebraic sum of all
terms. Thus, the previous plastic flow given by
n

the temperature changed, and a new load applied. This

assumption is illustrated by figure 3, in which point A

represents a loading at the first temperature condition; the
dotted line AB represents the load-removal path; the curve
BCD, the stress-strain curve at the new temperature; and
point C, the new stress position. The total strain at point C
is given by the sum of three strains. The residual strain

caused by the first loading is ¢; e is the elastic part of the
strain caused by the second loading; and e, the plastic strain

caused by the second loading.
When the foregoing procedure is applied, the curve BCD
must, of course, represent the true stress-strain curve at the
new temperature of a material that has already been sub-
jected to the plastic cycle OAB. In general, the new stress-

earlier P/,

{F’,] may be grouped with the temperature-effect term H’

by replacing H’, with H',—[P’,].
This procedure amounts to an assumption that, as the

—

strain curve is different from the stress-strain curve at the
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Strain

Time

FIGURE 4,—Typical deformation-time curve from 4 constant-temperature, constant-load
creep test.

given temperature of a material that has not been subjected
to plastic flow; however, unless data arc available it may be
necessary to assume that the curve BCD is the stress-strain
curve at the given temperature of a specimen of virgin
material.

Calculation of effect of creep.—Creep is usually defined as
the continuous deformation of material under a continuously
applied load. Experimental data on creep of various ma-
terials are usually obtained from tests run under constant
load and temperature, although in many engineering appli-
cations of materials the more general problem of changing
load and temperature must be considered. The deformation
curve obtained 1n a typical test is shown in figure 4. From
this figure it can be seen that the deformation may be con-
sidered as having occurred in three stages. During the
primary stage, the deformation proceeds at a decreasing rate;
during the secondary stage, at a constant rate; and during
the tertiary stage, at an increasing rate, which proceeds until
failure occurs.

Because of the lack of data on creep except for uniaxial
tensile stress, a relation between creep deformation and stress
must be assumed. The following equations have been used
for calculations in this report but, as better data become

Point stations
al3456 7 8 9 10 /112 /3 /4 /5 /6 /8 b

T T 1T 7 T

NN N
N\ \\\\\\\ J

1 1 I 1 1 | 1 1 ]
0 / 2 3 4 5 & 7 8 9
Radral distarce, in.

FicrRrRE 5.—Cross section of disk used for numerical examples showing location of point
stations.

available, more accurate relations can be used. By the use
of reasoning similar to that employed in determining the
biaxial components of plastic-strain formulas for the creep
increments, 6, , and §, , may be written

T
Br.n:’QU’é’n<20'r,n_'Ul,n) (22)

(22a)

5t.n:é£::(2‘7!,n_ Orn)
In equations (22) and (22a), T, represents the total creep
that would occur in time r under the uniaxial stress o, ,. It
is here assumed that for sufficiently small values of 7 the
creep may be considered as occurring instantancously at the
end of the time period.
During the secondary stage of creep, a characteristic creep
rate ¢, exists, corresponding to the stress o, , at temperature
T, and T, is given directly by

rn:CnT (23)

This rate is the value usually published in papers on creep
and is the rate used for the numerical calculations of this
report.  During primary and tertiary creep stages, the creep
rate 1s also a funection of time, but does not otherwise compli-
cate the computation.

Once values of 8, , and §, , have been found, the values of
the @', terms may be determined and new values of ¢, , and
o, mmay be computed. If the computed values of o, , and
o4 » differ by more than a small amount, perhaps 2 percent,
from the values of these stresses before creep occurred,
a shorter time interval should be seclected and additional
computations made for cach such time imterval required to
equal the total time during which creep occurs. The effect
of creep that occurred at previous time intervals is considered
in a manner similar to that employed in considering previous
plastic flow. The successive values of @', are summed to
form a term [Q’,], which gives the total effect of all previous
creep deformation so that the term

I{,n_ [I),n]
is replaced by
II,n_’ [P’n] - [an]

In any caleulation of stress distribution subsequent to the
occurrence of creep, the creep term [@’,] is combined with
the term [P’,] as the cumulative effect of all previous
plastic deformation.

Examples showing in detail how successive stages of
plastic flow and creep are computed, cach stage considering
all previous plastic deformation, are given in the following
section.

NUMERICAL EXAMPLES

The numerical examples presented here represent a set of
computations during one complete start-run-stop cycle for a
typical turbine disk with a continuous rim and welded blades.
The assumed profile of the disk is shown in figure 5, together
with the locations of the point stations used in the computa-
tions. The assumed temperature distributions and corre-
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sponding turbine rotative speeds are shown in figure 6.
Curve IV and the corresponding speed of 11,500 rpm
represent the steady-state running condition. Curves I to
III and the corresponding speeds represent running condi-
tions through which the turbine disk passes in reaching
steady-state operation. Curves V to VII together with the
respective speeds represent running conditions through which
the turbine disk passes when being stopped. Creep is
assumed to occur only during the steady-state running period.
The physical properties of the disk material, including
_specific gravity, modulus of elasticity, stress-strain character-
isties, and thermal coefficients of expansion, were based on
the data appearing in reference 6, together with unpublished
data obtained from the author of this reference. The stress-
strain curves were constructed on the basis of these data and
those for example I appear in figure 7. Inasmuch as no data
. were available on the effect of previous plastic flow on the
shape of the stress-strain curves, it was necessary to ignore
such effects and to use curves obtained directly from simple
tensile-test data. Creep properties corresponding to a mate-
rial having good creep resistance were assumed. The cffect
of primary creep was omitted because of lack of data.
Because the disk used for these caleulations is solid at the
center, a supplementary numerical example showing the
computation of the plastic-flow effect on stress distribution
in a disk containing a central hole is given in the appendix.
Example I.—Example I is the calculation of the stress dis-
tribution in a disk operating under the conditions of curve I
of figure 6 and having been subjected to no previous plastic
deformation. These conditions are assumed to represent
disk operation after the first short period of steady combus-
tion when gas temperatures are high, thereby establishing a
steep temperature gradient between the center and the rim
of the disk.
The preliminary elastic calculation is carried out in table
I (a) by the method of reference 1. Two changes are made in
the tabular setup. The first change is the insertion of
columns 25a and 25b immediately following column 25.
Column 25a lists the accumulated values of [P’,] and [@Q’.],
the total effect of previous plastic deformation. For the
present example, this column is zero for all stations. Col-
umn 25b is the value of the term H’,—[P’,]—[@’,], which in

1200
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FicURE 6.—Assumed temperature-distribution curves and corresponding turbine speeds.
{Curves I, IT, and III are consecutive starting conditions; curve IV represents steady-state
operation; and curves V, VI, and VII are consecutive stopping conditions.)
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this example is the same as column 25. The second change
is the computation of Af, and Af’, (columns 31 and 32,
respectively), which were computed in reference 1 by the use
of column 25. In the present computations, column 25b
is used. In addition, two more columns, 40 and 41, are
added. Column 40 lists the values of the proportional
clastic limit ¢, , of the material and column 41 lists the
values of ¢, , as computed from equation (18). The entries
in columns 40 and 41 of table I (a) show that the equivalent
stress o, , 1s less than ¢,, for all point stations except 17
to b. The effect of plastic flow must be considered at these
stations and flow at these stations modifies the stresses at
other locations in the disk. With the exceptions and the
additions noted, the method of computation is the same as
the method of reference 1 and will not be discussed in further
detail.

The plastic-flow calculation has been divided into two
parts hecause several quantities used in the computation
depend only on the dimensions of the disk and can be used
in all subsequent calculations involving plastic deformation.
These quantities are computed for stations 17 to b, as shown
by the four column headings of table I (b).

The second part of the plastic-flow calculation is given in
table I (¢). The first column in this part of the table (column
46) lists the values of ¢, , obtained from the corresponding
stress-strain curve (fig. 7), as previously explained. Column
46a lists the value of ¢,, used for the ensuing calculation,
which for the first approximation is the same as column 46.

160x107— ~ n ,
;
120 4 T "
J / /
A /Z
" // /
0 ¥
< |/ /
o
o (a) (b)
§ o
‘é,’:/sox/oa .
120 £ =
I' /_ - ll
) p 2
"I rl /
/] Il Pral
Y4 d
| /
{c) (d)
o .004 008 .02 0 004  .008 012
Strain, in.[in.
(a) 480° F. (b) 623° F.
(c) 809° F. (d) 1050° F,

FI1GURE 7.—8tress-strain curves of disk material for various temperatures.
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Columns 47 and 48 list the values of A, , and A, ,, respectively,
computed by equations (20). Columns 49 to 52 are com-
puted as shown by the column headings and from these
columns the values of P’, are computed and listed in
column 53. Column 54 gives the values of the term
H' [P - .]-P ., which is then used to compute new
values of M, M’,, B, ., Bix, 014, 015 010, a0d o, , as shown
in columns 55 to 62, respectively. The new values of ¢, , cor-
responding to the new values of ¢, , are read from figure 7
and listed in column 46 of the second-approximation calcu-
lation. The values in column 46 for the first and second
approximations now constitute the lower and upper limits,
respectively, of the possible strain increments. For the
second approximation, column 46a therefore lists as the
values of ¢, , to be used in this set of calculations the numeri-

_ cal averages of the two scts of readings from the stress-

strain curve. From this value, another new set of stress
values is computed and a third set of readings listed in
column 46.

At this point in the calculation, two alternate procedures
are possible, as shown by consideration of station b. Inas-
much as the average value of 4300>107% inches per inch
used in the second approximation gave a graph reading of
1900 107% inches per inch, the averaging procedure would
indicate that the next trial should be 4—3’0%5%%@0—6
or 4130X107° inches per inch. This value could be used
and the procedure continued until the correct value is found.
Considerable time may be saved, however, in making the
calculation if a weighted approximation is used. Because
the plastic-strain value of 3960 <107 inches per inch gave a
resulting reading of 4650X107° inches per inch whereas the
value 4300 X 1078 inches per inch gave the reading 1900 107°
inches per inch, the strain 3960X107% inches per inch is
apparently more nearly correct than 4300>107% inches per
inch. In addition, the shape of the stress-strain curve in the
region of 39601079 is such that small increases in stress cor-
respond to large changes in strain. I a trial calculation were

3
40x /0 o lesiz sl Rodial
seemoodenond N [ N\s.stress
0 \
—40
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> stress
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g \
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- L
“® :
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"‘/60 l|
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o 2 4 6 8 /10
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FIGURE 8.—S8tresses in turbine disk under conditions of curve I of figure 6.
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F16URE 9.—S8tresses in turbine disk under conditions of curve IT of figure 6.

made using a value closer to 3960 than 4130 (for instance,
4000), more information might be obtained than would be
obtained by the averaging procedure. The right answer is
thereby more quickly obtained. The same reasoning might
be applied to the selection of values to be used at the other
stations for the third calculation. The second of these
two procedures has been used in table I (¢), as can be seen
from the values of ¢,, in column 46a used for the third
approximation.

Completion of the third approximation and comparison
with new values of strain obtained from the stress-strain curve
show the estimates of the third approximation to be nearly
correct, so that small adjustments made to compute the fourth
and fifth approximations give the final answers. A calcula-
tion equivalent to a sixth approximation is then made to
column 53 to get the final correct values of the P/, terms.
The stresses at the other stations @ through 16 can now be
computed by using the value of ¢, , found in the sixth approxi-
mation with the values A4, ,, A,,, B;., and B,, found in
table I (a). The values of plastic stress at all radii together
with the elastic-stress distribution are plotted in figure 8.

Example II.—Example II considers the disk studied in
example I at the time that the operating conditions have
reached those indicated by curve II of figure 6. The elastic
calculations are made by the method of reference 1 modified
in accordance with the changes made in example I. The
essential parts of the computation are shown in table II,
which is abridged from the complete calculation. Column 25a
lists the values of [P’,] that were found as the final values
of P, in example 1. Plastic flow occurs at stations 17, 18,
19, and b, and calculated true stresses when this plastic flow
is considered are listed in table II. The stresses obtained
as a result of this computation are plotted in figure 9. The
elastic stresses obtained without considering the plastic flow
that occurred previously are also plotted for comparison in
figure 9.

Example III.—Example III continues the cycle analyzed
in examples I and IT, at the conditions of curve 111 of figure 6.
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FIGURE 10.—Stresses in turbine disk under conditions of curve 111 of figure 6.

Table III gives the essential parts of the calculation for this
example, which is similar to the procedure for example I in
table I. The value of [P’,], column 25a, however, is the
total of the values of P’, obtained from examples I
and II. In this example, plastic flow occurs only at stations
17 and 18. The results of this computation, together with
the elastic-stress curves found without consideration of
previous plastic flow, are shown in figure 10.

Example IV.—The steady-state operating conditions repre-
sented by curve IV of figure 6 are treated in example IV.
The essential calculations shown in table IV (a) were made
similarly to those in table 111 except that [P’,] in column 25a
is now the sum of the values of P/, from examples I, I, and
II1. Because no values of g, , exceed those of ¢, ,, no plastic
flow occurs and the stress values of table IV (a) are the true
stresses at the beginning of steady-state operation. However,
as parts of the disk are at elevated temperature, significant
creep can occur at steady load at stations 16, 17, and 18 where
the stresses are sufficiently high. Table IV (b) shows the
calculations of creep. Column 63 lists the creep rate ¢,
(in./(in.) (hr)), and column 64 the creep increment T, for the
5-hour running period. Columns 65 and 66 give the com-
puted values of 8, , and &, ,, respectively. The computation
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FIGURE 11.—Stresses in turbine disk under conditions of qurve IV of figure 6. (The stresses
before and after creep occurs coincide within the accuracy of this plot.)
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FIGURE 12, —8tresses in turbine disk under conditions of curve V of figure 6.

then proceeds in & manner similar to the plastic-flow calcu-
lations, as indicated in the column headings. The values
for stress obtained indicate that, for small values, creep has
only a slight effect on the stresses. Figure 11 shows the
stress distributions at the beginning and the end of the
steady-state running period, together with the elastic stresses
obtained without considering either creep or previous plastic
flow.

Example V.—The conditions of example V represent one
of the conditions through which the turbine disk is assumed
to pass during the stopping period. The abridged elastic
calculations are given in table V. Values listed now repre-
sent the accumulated effect of plastic flow [P’,] plus the addi-
tional effect of the creep represented by [@’,]; [’ is the same
as the @', computed in example IV. All values of o, , are
less than the corresponding values of o,,.; therefore no
plastic flow occurs. The results of the calculation are
plotted in figure 12, together with the elastic stresses com-
puted without considering previous plastic flow or creep.

Example VI.—Example VI is the computation of the stress
distribution at the temperature distribution assumed to be
present shortly after the wheel has stopped turning. The
essential parts of the calculation are shown in table VI.
Because no flow was found in example V, the [P’,]+[@’,]
term will be the same in this example as in example V.
Plastic flow occurs at station . The resulting stresses are
plotted in figure 13, together with the elastic stresses com-
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F1GURE 13.—Stresses in turbine disk under conditions of curve VI of figure 6
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puted without consideration of previous plastic flow and
creep.

Example VIL.—Example VII is the computation of the
stress distribution in the disk after the temperature has
become uniform at the ambient temperature (assumed to be
70° F) throughout the disk. These stresses are therefore
the residual stresses in the disk resulting from the flow
occurring during the complete operating cycle. The abridged
calculations given in table VII indicate that plastic flow
occurs at station b and the residual stresses are plotted in
figure 14.

Discussion of numerical examples.—The foregoing cycle
of stress calculations is indicative of the means of obtaining
a complete analysis of the stress behavior of a turbine disk.
Although the results plotted in the various figures and
summarized in figure 15 do not represent the exact behavior
of any particular turbine disk because of the lack of data on
the material properties and temperature gradients, they do
give a qualitative picture of the behavior of a turbine disk
with welded blades. The high residual tensile stress at the
rim of the wheel provides a plausible explanation of the rim
cracking that has occurred in such wheels. The compressive
flow at the rim during starting and the tensile flow on stopping
result in eyclic flow of the rim material with cach start and
stop and possibly induce cracks. When accurate data are
available on creep, stress-strain relations, the effect of
strain-hardening, and temperature distribution, quantitative
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FIGURE 14.—Residual stresses in turbine disk upon completion of one operating cycle.
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Firrre 15.—Plastic tangential stresses in turbine disk during one running cyele.

analyses of disk behavior will be available as a guide in
future turbine design.

CONCLUSIONS

A method for studying the operating stresses in gas-turbine
disks has been presented that includes consideration of the
effect of plastic flow and creep on the stress distribution.
Results of calculations indicate that rim cracking in turbine
wheels with welded blade attachments may be caused by
alternate compressive and tensile plastic flow as the wheel is
alternately heated and cooled. From the results of the nu-
merical examples presented, it may be concluded that plastic
flow markedly alters the clastic-stress distribution.

Fliglst Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, March 5, 1948.



APPENDIX
STRESS CALCULATION FOR DISK WITH CENTRAL HOLE

The caleulations given in the section Numerical Examples
deal with a disk that is solid at the center and has temperature
gradients such that the plastic flow is confined to the region of
therim. Disks of other types spun under different conditions
may be subject to plastic flow in other regions.

One example of such a disk is a parallel-sided disk with a
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FIGHRE 16.—S8tresses in parallel-sided disk with central hole.

central hole spun at a uniform temperature. In this disk
plastic flow first occurs in the region of the central hole. Such
a disk spun at a speed great enough to cause some flow near
the hole is calculated here.

The essential columns of the elastic calculation are given
in table VIII (a). Flow is indicated at stations a, 2, 3, and 4.
However, as flow occurs the stresses farther out in the disk
may be increased. The quantities depending on disk dimen-
sions, together with the first approximation, shown in table

VIII (b), are found in the manner given in the text. When
the values of B, , and B, , (columns 57 and 58) are found for
the stations at which flow occurs, however, new values of
B, . and B, , must also be computed for all other point sta-
tions before a new value of o,, (column 59) can be found.
These computations are also shown in table VIII (b) for the
first approximation. Additional approximations must be
made in the same manner until the correct flow increments
are found. The stresses so calculated are plotted in figure 16.

Where large numbers of computations involving plastic
flow at the center of the disk are to be made, it may be desir-
able to change the finite-difference approach to the problem
in such a manner that the calculations are made from the
outside of the disk toward the center instead of from the
center toward the rim. This procedure has etertain disad-
vantages as a general approach to the problem of stresses in
disks, particularly in that it requires a greater number of
significant figures to obtain the same accuracy. For special
applications it may, however, present advantages that out-
weigh the disadvantages in more general problems.
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TABLE I.—CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE I

(a) Elastic-stress calculation

1 } 2 ‘ 3 ‘ 4 | 5 l 6 ‘ 7 N 8 } 9 l 10 \ 1 1 12 ‘ 13 14 15
| _
) Coy | (D=Wa=1| Dy, G, (3)X®) X 12+ H,, my
Ta \ Bo | pne? | pn En an AT= ) yx@ 2 @XO) | (DX () W (12) 01 (9 X(13) 1/(5)
0. 0.5000 | 4.3750 30. 400X 106 | 8.297010-5 0 21875 | ... | ..o | ... 58486 | oo | .. 0. 032895 10-5
2| 6250 | 4.3750 30. 400 8.2970 0 2.7344 | 0.06250 | 0.27344 | 0.27342 913. 85 1.498.7 93,672 | .032895
301 7500 | 4.3750 30. 400 8. 2970 0 3.2812 - 06250 . 27344 L 27344 1,315.9 2,229.8 139, 36 032895
1| 1.0000 | 4.3750 30. 400 8.2970 0 4.3750 ~12500 - 54688 - 54R88 2,339.4 3,655. 3 436,92 - 032895
5.1 1.2500 | 4.3750 30. 400 8.2970 0 5. 4688 - 12500 - 54688 - 54688 3, 655. 4 5,994.8 749,37 . 032895
6| 1.5000 | 4.3750 | .. | s | 30.400 82970 0 6. 5625 212500 - 54688 54688 5 263, 8 8.919.2 1,114.9 - 032895
7.0 20000 | 43750 | B | 2 | 20400 8.2970 0 8. 7500 L2500 | 1.0038 1.0938 9.357. 8 14,622 3, 655. 4 -032895 .
8 .| 3.0000 3. K400 3 3 30. 400 8. 2970 1] 11. 520 . 50000 1. 9200 2.1875 18, 480 27,838 13,919 . 0328495
9| 40000 | 3250 | = | = | 30.400 8.2970 0 13,100 S50000 | 1.6375 1.9200 28, 020 46, 500 23, 250 032895
10.| 50000 | 26800 | = | % | 30.300 8.3020 3.00 | 13.400 S50000 | 1.3400 1.6375 35, 827 63,847 31,923 - 033003
1| 55000 | 23720 | | = | 30.300 8. 3080 7.00 | 13,046 - 25000 - 59300 67000 | 3% 368 74,195 18, 548 -033003
12| 60000 | 22100 | & | & | 30.200 8. 3240 17.00 | 13260 25000 55250 50300 | 42,543 80, 911 20, 228 1033112
130 65000 | 21600 | Z | T | 30.100 8. 3580 38.00 | 14.040 - 25000 54000 55250 | 48,799 91,342 22, 836 - 033222
14, 70000 | 21550 | € | £ ! 30.000 8. 4240 79.00 | 15.085 25000 53875 54000 | 56,467 105, 270 26,317 « | .033333
15| 7.500 | 2.7000 | © | © | 29.600 8. 5500 158.00 | 20.250 25000 67500 53875 | 81,212 137, 680 34, 420 -033784
16.1 8.0000 2. 7000 28. 900 8. 7810 302.00 21. 600 25000 67500 67500 92, 401 173, 620 43, 404 . 034602
7. 8.2500 | 2.5500 28" 400 8. 9550 410,00 | 21.038 12500 31875 33750 | 92,808 185, 210 23. 151 -035211
187| 85000 | 2.3800 27, 500 9. 1840 553.00 | 20.230 12500 20750 31875 | 91,952 184, 760 23, 095 1036364
19 87500 | 2.1450 26. 000 9. 48° 739.00 | 18,769 12500 26812 29750 | 87,819 179, 770 22 471 - 038462
290000 | 1.9100 22, 100 9. 8690 980.00 | 17,190 12500 . 23875 26812 | 82,728 170, 550 21, 319 - 045249
16 17 18 ; 19 20 21 22 23 24 25 25a
n - T T *4——_77*“_'
f1+@]x 5 - - C'ny D', F, e o i, P
@xas ) Unx® (DX ) 16)+018) a9F08) | 16)an=19) | (15s0-09) ©x® @)= aer | (@]
a._| 0.011513 X106 0. 088816 X108 | . | oo e | el e e e 0 X10-% | | .
2.1 .011513 . 071053 0. 0044410 10-8 0. 0055510106 | 0.015954X10-8 0. 00596201078 | 0. 027344106 E 0 Qo X104
3..| .011513 . 659211 . 0037010 . 0044410 L015214 . 0070720 . 028454 i 0 0
4__| .011513 . 044408 . 00565510 L 0074010 L 017064 . 0041120 . 025494 H 0 0
5| .011513 . 035526 . 0044410 . 00565510 . 015954 . . 0054620 . 027344 0 0
6_.| .011513 . 029605 . 037010 . 0044410 L015214 . 036596 0070720 . 028454 0 0
7. .011513 . 022204 . 1055510 . 0074010 017064 . 038446 . 0041120 . 025494 0 0
8._| .011513 . 014803 . 0074010 . 011102 L018914 . 040296 L 00041100 . 021793 0 1] =
9__| .011513 .011102 . 0055510 . 0074010 . 017064 . 038446 L(0041120 . 025494 0 0 -
10.| .011551 . 0089108 . 0044550 . 0055510 . 016006 . 037458 . 0059620 . 027344 24, 906 24. 906 =
110 . 011551 . 0081007 020250 . 0022280 . O13A76 . 035028 . 0093230 030775 58. 156 33. 250 =
12.] . 011589 . 0074502 . 0018630 . 0020250 . 013452 . 034975 . 0095260 030978 141. 508 83. 352 =
13.{ .011628 . 0069000 . 0017250 . 0018630 . 013353 . 034947 . 097260 . 031249 317. 604 176. 10 E’
14| .011667 . 0064286 . 0016070 . 0017250 . 013274 . 034940 . 0094030 . 031497 665. 496 347. 89 <
15 . 011824 . 0060811 . 0015200 . 0016070 .013344 . 035304 . 010060 . 031726 1350. 90 685. 40 ©
16| .012111 . 0058391 . 0014600 . 0015200 . 013571 . 036062 . 010304 . (132264 2651. 86 1301. 0
17 . 012324 . 0057618 . 0007200 . 00073000 013044 . 035931 L011381 033872 3671. 55 1019.7
18.| .012727 . 0057754 00072200 . 00072000 . 013449 . 037086 . 011604 . 034491 5078. 75 1407. 2
191 . 013462 . 0059342 . 00074200 . 00072200 . 014204 . 039204 . 012005 . 035642 7007. 20 1928. 4 :
b_| 015837 - 0067873 - 00084800 - 00074200 S016685 - 046097 -012720 -037720 ‘ 9671. 62 2664, 4
25b 2 l 27 28 29 30 31 32 ( 33 ) 34 ) 35
" K., { Ln, Ly, M, M'n, A A By.n,
=[Pl —1Q'x),|  (20)X(10)— [2DX(10 = | [@)XA0+ | [(®)X @2~ | [0XAD+ | [(250) XD+ | [QOXUD+ | on ST 4 00y X384 | (D XB8)ait
(25) — (253) 8 X (21 B X@D]+ | ADXED)+ ()X @) ]+] ®XE)]+ | AOXEDI+ | ®XE] | Gel ! 30 X Gy | (BX Bt
(26) P =) (26 ~(26) (26) 20 | 30n-t | B0X B34 ‘ G
' I
a . S S S O gy g Sy 1. 0000 1. 0000
2. 0 TXi0 | 0 067728105 0. 81902 0. 18097 0. 10029 0.80971 7 15202 -99999 1. 0000
3. 0 —. 11592 84657 S 15344 -15870 -84130 X —18. 260 1. 0000 1. 0000
4 0 —. 15887 L7798 -22010 - 23019 - 76080 ) —49.077 199998 £99999
5.. 0 —.19546 -81901 - 18097 -19029 - 80970 3. —61.166 - 99996 -99998
6. 0 —. 23184 (84657 L 15344 L 15870 -84131 75. —73.163 - 99997 -99999
7. 0 —. 31774 - 71990 ~22011 - 23920 - 76080 ! —196.31 £ 99998 199999
8 _ 0 —. 42790 . 82216 . 30379 . 37570 . 68341 3 —615.25 1. 1259 1. 05691
9. 0 —. 47570 . 91689 . 24293 30000 L 77094 . —834.01 1. 2896 1.1543
10 24. 906 —. 48049 1. 0046 . 20391 2712 . 81712 568, —-1,758.0 1. 5309 1.2915
11. 33. 250 —. 44892 1. 0333 . 092930 13430 . 91461 . -1,527.2 1. 7019 1. 3868
12. 83. 352 —. 45634 . 98834 . 082955 10777 L1762 . —3,018.3 1. 7971 1. 4560
13. 176,10 —. 48345 . 94766 . 074844 083789 . 92277 247, —5,744.9 1. 8120 1. 4941
14, 347.89 — 51992 - 933% 068927 071127 -92764 —10, 766 1.7941 1.5149
15] 68540 — 170590 L4482 .057282 —. 0034293 -92030 i, —20.313 1. 4231 1. 3880
16.] 13010 —. 76978 93962 1059913 067872 91723 3174. —37,271 1. 4203 1. 3697
17 1019.7 — 75176 1.0276 £ 030493 056290 195376 . —28,938 1. 5013 1.3%63
18| 1407.2 —. 74625 1. 0409 . 020591 064578 . 94076 3 —38, 564 1. 6037 1. 4011
190 1928.4 — 73201 1.0791 028988 084733 -91965 —1900.8 —49, 881 1.7712 1. 4244
b..| 2664.4 —. 78842 1.0935 - 027099 11986 -82809 —2053.3 —58, 543 1. 9754 1. 3918
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TABLE 1.—CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE I—Concluded

(a) Elastic-stress calculation—Concluded (b) Constants determined by disk geometry to be used

F J - —_— in all plastic calculations
36 37 38 59 ‘ w0 41 ] I ] |
S S — - 3 ‘] PR B (
‘ :
n Bi.n. | ’ - ] n — = — !
ot.a, Or.n. Ot,ny _Gemny { )
GGt | Tor=TB50] [ @GXEN+H GOXED | gy | @814 (07 | @ 3 @me L oray |- |
(32 " +(33): (35) +(36) IV —(38) X(39) i;f-‘_ﬁi/ﬁ‘__ [ — L)
_ 170 0.015152 | 0.015625 I Lo I 0. 98438
- - . IR| 014706 L015152 | 10147 . 98485
3 B kg I B s | 19| o286 | lol4706 | 10143 | 98529
-~ T ol [ 73, o7 : 014286 | 1.0139 . 98571
3. —36.834 27,678 27,718 | 73,500 27, 698 "J 013889 014286 i \
4 —95. 431 27,576 27,650 | 73,500 27,618 .
5. ~172.39 27, 447 27,582 | 73, 500 27,515
6. —266. %5 27,292 27,488 | 73,500 27,391
8. —509. 83 26, 893 27,245 | 73,500 27,071
8 _ —1,287.3 29,076 28,108 | 73,500 28,
9 _ —2,478.6 | Constant at | 31,608 29,559 | 73,500 30,635
10 —4,913.8 27,755 for | 35,222 30,932 | 73,500 33,285
11. —6,997.5 o-.50£4595 | 37,779 31,493 | 73,500 35, 061
12,0 —10,459 1b/sqin. , 29,952 | 73,500 34,883
13,0 —16,366 (fig. 6) 36, 689 25,103 | 73,500 32,485
14| —26,915 33,843 15,131 | 73,500 29, 364
15 —45 028 23, 698 ~6, 73, 500 27,532
16|  —79,644 18, 702 —41,628 | 73,500 53, 490
17.{  —106,070 16, 412 —67,593.| 72,000 77,120
18,1 —139,980 13,374 | —101,000 | 70,300 108, 400
19.] —181,250 9,593 | —141,720 | 67,000 146, 750
b..| —213,380 4,595 | —174,750 | 54,000 177, 090
| 1
(c) Plastic-stress calculation .
o —— — ‘ i
j ! ] | | ! |
16 ‘ 46a [ 47 i 48 19 | 50 51 52 ‘ 53 i
T | — 1
Approximation 7 ( e €pin (%éf;)' (i:‘u:; ..
grap stimate ) gl 47) X (42 47) s X (43) 48) X (44) (48) a1 X (45) (49)+(50) —
reéidlgg, (estimate) ©2) 2 X 62y 2% (“47)X42) (47 1 X ( ( e
& 260 —@6D] | (26D —(60)] !
! _— —
b 17 20X10-5 20X10-¢ 13.021X10-¢ | —19.657X10-6 | 0.19729X10-5 | 0.00000X10-5 —19, 956X10-6 0. 000 X10-8 | 2015310~
18 670 670 395. 07 —666. 15 5. 8099 . 19729 —675.94 —19.359 662. 54
19 1850 1850 1014. 2 —1847.1 14. 489 5. 8099 —1873.5 ~656.35 1237.4
b 3960 3960 2056. 6 —3959. 1 28564 14,489 —4014. 1 —1820. 7 2236. 5
2 17 20 20 12. 562 —19. 759 . 19034 0 —20. 059 0o 20. 249
18 690 685 402. 14 —681. 31 5.9139 19034 —691. 33 —18. 460 677.97 i
19 1880 1865 1040.3 —1860.7 14. 862 5.9139 —1887.3 —671.29 1236. 8 !
b 4650 4300 812.1 —4205.8 32113 14, 862 —4355. 5 —1834.1 2568 4
B 17 20 20 12. 544 —19. 762 19007 0 —20. 062 [ 20. 252
18 670 670 393. 05 ~—666. 43 5. 7802 . 19007 —676. 23 —19.463 662. 74
19 1850 1860 1036. 5 —1855.8 14. 807 I 5 7802 —1882.3 —656. 63 1246. 3
b 1900 4100 2218.3 —4095. 2 30.810 14. 807 —4152. 1 —1829.3 2368. 4
. 17 20 20 12. 555 —19. 760 . 19023 0 —20. 060 ] 20. 250
18 690 680 398. 99 ~—676.36 5.8675 . 19023 —686. 30 —~19. 461 672. 90
19 1960 1860 1037.2 ~1855. 7 14.817 58675 —1882.2 —666. 42 1236.5
b 2900 4000 2156.0 —3995. 8 29. 945 14.817 ~4051. 3 j—1829.2 2266. 9
B . 17 20 20 12. 558 —~19. 759 . 19028 0 —20. 059 0 20. 249
- 18 680 680 399. 27 —676.33 5.8717 19028 —686. 27 —19. 460 672.87
19 1860 1860 1037.5 | —1855.7 14.822 | 58717 —1882. 2 | 666,38 1236.5
b 1200 4015 2160.3 | —4011.0 © 30004 ! 14.822 —4066.8 —1829.2 2282 4
L n < 20 12. 557 —19. 760 [ .19026 Lo —20. 060 0 20,250
18 680 680 399. 25 ~676. 33 | 5.8714 i .10026 —686. 27 —19. 461 672. 87
19 | 1860 1860 1037. 5 —1855.7 | 140822 | 5.8714 —1882,2 —666. 38 1236. 5
b 4015 4015 2160. 8 —401L 0 , 30.011 14,822 —4066, 8 —1829.2 2282 4
! 1 - \ | .
54 55 i 56 57 | 58 59 60 61 > 62
‘ . i R .
‘E_ B T i ! Teuny
Approsimation n =P} = M., M'a, Br.n, ; Ri.n, i Gtoay i L Grne RS Y ENT ]
" —P'],. GOXAN+ | GOXE+ | @DXGTart | @)XGPart | o (G0 | BXGOH L BOXENE ‘i*('&,;‘)((‘(‘r;”
Bb)—(33) | QYXeh+ | ADXEN+ | (28)X(58) 1t | (B30I X (58 n-1t | +(33)s ’ (57 | (58) i
£3Y !
(26) } 126) (55} (56) J ] |
s T T ! ; ! i ! -
Values from clastic-stress | 16 1301. 0X10-¢ —3174.2 —37,271 —2,718 ~79.644 ‘ 27,755 | i8, 702 I —41.628 I 33 4?0
calculation, table I (a). 17 1019.7 —1538.9 —28, 938 —25,257 —106,070 | - ’ 16, 412 i —67, 593 | 77.120
18 | 1407.2 —1708.7 —38, 564 —31,137 —139,980 | ‘ 13,374 | —101.000 108, 400
19 | 1928.4 —1908.8 —49, 831 --39. 567 —181.250 | __.___ i 9,592.7 | —MLTO 146, 750
b 2664. 4 —2053.3 — 58, 543 —50, 232 —213,380 .. ___ 4, 595.2 —174,750 ! 177.09
R, 17 999. 55 —1530.3 —28. 374 —25. 249 —105,500 | 26,023 ‘ 13,819 | —69,424 1 77, 266
18 744. 61 —1444.6 ~20, 602 —30, 848 —121,480 | . i 10,885 —85,019 | 90, 952
19 691.00 —1456.6 —18,154 —38, 266 —132,490 . ; 7.825.9 —95, 4% 99, 567
b 427.90 ~1376.0 —9,780.7 —46, 810 —124080 | ... { 1,595.8 —87, 861 20, 247
|2 17 999. 45 —1530.3 —28,371 —25,249 —105,500 | 25,957 | 13,720 69816 77,295
18 728.23 —1438.5 —30, 185 —30. 842 —121,070 | L. i 10,785 —84, 702 90, 577
19 691. 60 —1456.8 —18. 169 ~38, 248 —132,1%0 | | T.727.0 —95,147 | 99, 237
b 96. 000 —1275.5 —2,544.3 —46. 680 —116,540 | ... ! 4,595.5 —%0,413 82,807
S 17 999. 45 —1530.3 —28.371 —25, 249 —105,500 | 25, 993 i 13, 782 —69, 459 77,277
18 744.46 —1444.5 —20, 598 —30, 848 ~121,480 | . | 10,845 —85, 054 . 963
19 682.10 —1453.3 —17,925 —38, 263 —132,260 ... \ 77847 —95, 228 99, 349
b 206. 00 —1336.1 —6,904.9 —46, 761 —12L,010 . .. i 4,595. 4 : —8d, 826 87,215
R 17 999. 45 —1530.3 —28,371 25,249 —105, 500 26, 008 13,797 . —(9, 445 77,273
18 734.30 —1440.5 —20,322 30, 844 —121,200 i . 10,865 : —84, 760 90, 682
19 691.90 —1456.9 —18,177 —38,254 —132,20 | .. . . | 7.811.4 —95, 204 99,340
; ) 397. 50 —1366.8 —9,117.9 —46, 781 —123,220 ; 4,595, 2 —87,022 89, 408
B L V4 999. 45 —1530.3 —28,371 —25,249 —105,500 ! 13, 794 —69, 448 77,274
18 734.33 —1440.5 —20, 323 —30, 844 —121, 200 ; 10, 862 | —84, 763 , 683
19 691. 90 —1456.9 —18,177 —38, 254 —~132, 250 : 7,807.8 —95, 207 99, 341
[ 382.00 —1362.1 ~8,779.9 —46,777 —122,8%0 | ! 4.595.3 —86, 685 89.072
{ i

= This value of g+, is also substituted for the

original value

of 1,6 used in table I(a) to compute plastic stress for stations ¢ to 16.

—
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TABLE II.—ABRIDGED VALUES

b..

FROM CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE 11

5 \‘ 6 l T 25 L 251 ‘. 25b ‘ 3% “ 39 \ 54 60 61
; | | , , ,
™ ) b ) . l an ’ AT, | e | WPWHQ] | TP =Q) | o | J Pyl =@l | g, oin
| —— S I R R (R _ ! U B Y
0.5000 | 4.3750 }29. 700106 | 8. 50601076 180 | ‘ B 36, 093 36,003 | ... __ 35, 685 35, 685
L6230 | 4.3750 | 29.700 . F060 13 \ 0 X108 | 0 X108 0 X10-6 | 36,037 36, 069 0 X10-6 35, 629 25, 661
L7500 | 4.3750 | 29.7C0 8. 5060 130 0 0 0 35, 973 36, 035 0 35, 565 35, 627
1.0000 | 4.3750 | 29.7C0 8. 5060 130 0 0 0 35, 814 35. 944 9 35, 406 35, 536
1.2500 | 4.3750 | 29.700 8. 5060 130 0 0 0 35, 613 35, 821 0 35, 205 35,413
L5000 | 4.3750 | 20.700 K. 5060 130 0 0 0 35,370 35, 675 0 34, 962 35, 267
2.0000 | 4.3770 | 29.700 8. 5060 130 0 0 G 34, 746 35,295 0 34,338 34, 887
3.0000 | 3.8400 | 29.700 8. 5060 130 0 0 0 37,240 36, 215 0 36, 781 35, 783
4.0000 | 3.2750 | 29,700 8. 5070 131 8. 6400 0 R, (400 39, 977 37, 557 8. 6400 29, 451 37,086
5.0000 | 26800 | 20.700 8. 5180 138 61. 060 0 61. 060 43,774 38, 228 61.060 43,149 37, 700
55000 | 2.3720 | 29600 8. 5330 147 78. 870 0 78. 870 46, 415 37, 649 78. 870 45,720 37,083
6.0000 | 2.2100 | 20.600 8. 5620 165 | 158,38 0 158.38 146, 390 34,176 158.38 [ 45, 657 33, 581
6.5000 | 2.1600 ‘ 20, 400 | 8.6130 197 | 284.03 0 2%4. 03 43,627 26, 320 234.03 42, 887 25, 710
7.0000 | 2.1550 | 29,200 8. 7000 251 | 486.94 0 486,04 39,275 12,677 486. 94 a8, 543 12, 060
7.5000 | 2.7000 ‘ 28, 700 8. 8410 339 | 813.40 0 813,40 26,535 | —12,100 813. 40 25, 954 —12,673
80000 | 27000 | 27.900 9.0680 481 | 1364.6 0 1364. 6 19,876 | —47,387 1364.6 19, 296 —47,041
82500 | 25500 | 27.300 | 9. 2260 579 | 98014 950. 89 16, 863 —70,310 838,94 16, 301 —67, 610
S 5000 | 23800 | 26,400 9. 4200 00 | 1252.2 17 579.33 13,459 | —S0, 687 380. 08 13,031 —73.002
87500 | 2.1450 | 24.700 ‘ 9. 6570 ‘ 848 | 1595.1 12365 358. 60 10,192 | —8L 665 251, 64 9, 988 —72,108
9. 0000 | 1.9100 \20 700 ‘9. 9490 1030 | 2058.3 | 22824 —224,10 7,062 w‘ —61, 549 ‘ —105.13 ’ 7,062 —56, 196
TABLE IIT.—ABRIDGED VALUES FROM CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE 111
) ; i [ ‘ ‘ |
[ A ] I 6 | 25 N 25h | u8 39 ‘ 54 60 61 |
44444 [ O OO ) ey
| | T | i | | |
Tn heo | I | @, | AT, 1 I, TR RN I 7 O Y o T Y00 A I o |
! I i i | I ! 1 I i
i i | | i | ‘ |
0. 5000 / 28. 800X 105 I R, R260>10-% 330 ( ,,,,,,,,,,,,, . 4 | !
L6250 2% 800 I & N2H0 g 0 X108 0 X106 ! . ;!
L7500 28, 800 ‘ &, 8260 \ ‘ 0 0 44, 359 2
1. 0000 28, 800 IR 8260 0 0 44, 238
1. 2500 28, 800 8. 8260 oo 0 44,079 |
1. 5000 28, RN 8. 8260 [ 0 43,884 |
2, 0000 o 2%, &00 | 8.8260 ‘ 0 (4] 43, 381 ‘
3.0000 | 3. 28, 800 | 88280 U9 5000 i} 44, 159
40000 | 3. 28700 | 8. %360 |36 | 46,80 ¢ 44, 631 !
5. 00(K) .6 28. 700 | 88620 ‘ 52 0 43,481 ]
5. 5000 . 28, 600 | 8. 880 369 | 0 41,125 2
6.0000 | 2.2100 | 28.400 ‘ 8. 9310 395 | I 25, 55
6.5000 | 2.1600 | 2%.200 i 80960 426 0 24, 238
7.0000 | 2/1550 | 27. 900 9. 0930 496 | 0 9, 660 i
7.5000 | 27000 | 27.300 9. 2200 a81 | 0 —15.112 [
80000 | 2.7000 | 26.400 9. 4200 00 | 0 —44, 828 —44 851
8.2500 | 2.5500 | 25.700 \ 9. 5400 775 141,19 — 58, 583 , |
85000 | 2.3%00 | 24.500 19,6790 \ 862 \ 872,12 . ‘ . V525 |
R 7500 | 2.1450 | 22.400 | 6.x410 963 | 123435 ; —204 90 \ | 34 47
0.0000 | 1.9100 ; 19.300 0. 029 1080 | 2163 4 | —809.30 i ) 809,30 i —21. 485 ‘
| | ‘ J ’ ' i
TABLE IV—CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE 1V
(a) Abridged valuces
{ i | i
[ A 5 6 \ 7 25 251 25h 3 30 ‘ 72 \ 78 ‘ 9 |
e i i et o e T e T I
[ !
Ta ha i E,. an [ AT, I, [P a14-[Q -1 Gron Tt ﬁ .=l Q] Q] ( Gron ! Gi.n i
I A A G o e B It et et A
0.5000 | 4.3750 | 27.600X106 | 9.1470X10°% | 530 0 X106 0 X106 146, 006 46,006 ] 46,005 ‘ 46,005 |
(6250 | 4.3750 | 27.600 9. 1470 530 0 0 45, 932 45,974 15,931 45,973 |
700 | 4.3750 [ 27.600 9. 1470 530 0 0 45, 848 45,430 45, 847 15,929 |
1.0000 | 4.3750 | 27.600 9.1470 530 0 0 15, 637 45, 809 45, 636 45,808 i
1.2500 | 4.3750 | 27.600 9.1470 530 0 0 45,373 45, 660 45,372 45,649 |
L5000 | 4.3750 | 27.600 9.1470 530 0 0 45,051 45,455 45,030 ;
20000 | 4.3750 | 27.600 9 1490 531 | 10.200 0 44,164 44, 698 44,193 |
3.0000 | 3.8400 | 27.600 9. 1580 37 | 59.700 0 46,959 44,119 16, 95% |
4.0600 | 3.2750 | 27.500 9. 1840 553 | 161.00 0 49, 449 42, 507 49, 448
5.0000 | 26800 | 27.300 9. 2380 587 | 343090 0 52,329 37,155 52,328 /
5.5000 | 2.3720 | 27.100 9. 282 614 | 276.40 0 54,107 32,527 | 54,195
6.0000 | 2.2100 | 26.800 9. 3380 619 | 361.30 0 52, 668 25, 030 52, 666
6.5000 | 2.1600 | 26.500 9. 4080 693 | 459.30 0 47,920 14, 400 47, 918
7.0000 | 2.1550 | 25.900 9. 5000 750 | 605.30 0 41, 517 227 41,515
7.5000 | 2.7000 | 25.100 9. 6100 819 ‘ 745. 60 0 26,780 | —19,203 26,778
8.0000 | 2.7000 | 23.%00 9. 7480 905 | 951.30 0 19,146 | —36,527 19, 145
8.2300 | 2.5500 | 22.700 9. 9870 954 | 705.70 166.17 16,107 | —43,462 16,105
£.5000 | 2.3860 | 21.200 9.9120 1007 | 453.80 858. 44 13,200 | —32, 446 13,199
87500 | 2.1450 | 19.800 10. 007 1066 ‘ 685. 66 1234.0 1002 | =16 554 11,003 —16. 536 ‘ .
9. 0000 1. 9100 17. 900 10. 109 | 1136 | 756.00 2163. 4 9,340 | 10,47¢ | 9.334 | 10, 470 ‘
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TABLE IV.—CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE IV—Conecluded

(b) Calculation of effeet of creep on final stresses

‘ | | 66 | 67 68 i 69 | 70 ; 71 ‘
| ! ‘ R S
; n , ‘ ! } ‘ | v i
: ks ! anx2” 1 mXUD | EReaXED) | GOXED | 60aXE5 | @D+ —
i :[2><(38)—(‘W)‘ | TZX(&9)~((,ﬁ)] i : ' (69)+(70)

7

i

; | !

170 0.2X10¢ © 1LOX107 | 0. 70226X10-8 —0.96766 X105 | 0.010641X10- | 0.00000X10-0 | ~0. 982371075 | 0.00000X10- 0. 99301 X106 \
Lok i L6 | 1.0848 —1.4396 | . 015953 | .010641 | —1.4608 | = 93300 L3339
Co1el .2 L. . 86246 ~. 91800 U 01146 i 015053 | —.93115 14184 ! —. 45085
Poodo ‘o 0 0 i 0 l . 011464 i 0 |~ o048y | —.89342
‘ i | ‘
| ! 72 | 73 | 4 l 75 6 l 7 | 78 79

\
\
n =P =@ |

v . . ’ (2,>><(,5>"_;+ ‘ ‘9\><(15>n -+ Than, o Trms } Ot
n e S L 2>X“]°H;g}4 X LG Q’X““*(“‘X ‘ X+ J Xt | B | e Ea | BUXGT G0
‘ L l ’ l |
! |
|17 538. 54 X10-6 —2469.1 —12, 876 | —52,373 ‘ 16, 105 —45,443
‘ I8 —405.17 —2247.2 7,607.5 —39, 831 13,199 —32,418
19. ~647. 94 —2300. 2 11, 751 —69, 520 ! 11.003 — 16, 556
} bhooi —1406.5 —2230.7 23, 905 | —80,379 i 9, 334 10. 470
i I

TABLE V.—ABRIDGED VALUES FROM CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE V

; i o ‘ 2 5 ; 6 o7 25 i 250 l 25b .38 3 54 I T O
] L n | : ] | | j | , |
f o | ha A ATo o Ha o IPWHHQ | HPASIQ] | e e TR e otm
i | |
0.5000 | 4.3750 | 28.800<106 8 .8280X10-6 331 | ____._______ S 22,285 22285 | ... 22, 285
. 6250 4.3750 28,800 8. 8300 lo832 9.49%1075 | 9.49 X106 22, 253 22,023 9. 49108 22,253
] L7500 4.3750 | 28,800 8. 8310 333 9.16 22, 181 21, 811 9.16 22, 181
1. 0000 4.3750 | 28.800 8. 8330 334 9. 50 9. 50 22,027 21, 645 9. 50 22,027
1. 2500 4.3750 | 28.700 8. 8390 338 37.36 37.36 21, 801 i 20, 687 37.36 21, 801
1. 5000 4.3750 | 28.700 ¢ 88440 341 28, 22 28. 22 21,501 20,085 28,22 21, 501
2. 0000 4.3750 | 28.700 8. 8580 350 84. 50 84. 50 20, 744 18, 160 84. 50 20, 744
3. 0000 3.8400 | 28 500 8.8970 374 226. 70 226. 7 21, 090 14,149 226. 70 21, 090
4. 0000 3.2750 | 28.300 8. 9530 409 334.78 334.78 20, 964 8, 300 334.78 20, 964
5. (000 2.6800 | 28.100 9.0240 453 426. 09 426.09 20, 680 1,010 426, 09 20, 680
5. 5000 2.3720 | 28.000 9. 0650 479 254.27 254.27 20, 585 —3, 342 254,27 20, 585
6. 0000 2.2100 ; 27.800 9. 1120 508 287,76 287. 76 19, 144 —8, 724 287.76 19, 144
: 6. 5000 2.1600 | 27.600 9. 1620 539 309. 42 309. 42 16, 529 —14, 887 309. 42 16, 529
: 7. 0000 2.1550 | 27.400 9. 2140 572 332,09 332.09 13, 400 —21, 552 332. 09 13, 400
: 7. 5000 2.7000 | 27.100 9.2720 608 366. 97 366. 97 7.748 —29, 867 366. 97 7,748
8. 0000 2.7000 | 26.800 9. 3330 646 391.74 391.74 4, 365 -37,781 391. 74 4, 365
8. 250 2.5500 | 26.700 : 9. 3650 666 207. 97 40. 840 2,879 —37,429 40. 840 2.879
: 8. 5000 2.3800 26. 500 19,3990 687 220. 02 ~638, 97 1,675 —19,393 —638. 97 1,675
i 87500 : 2,1450 | 26.300 9. 4490 U8 232,78 5 —1100. 5 1171 9. 833 —1100. 5 1,171
| 9. 0000 1.9100 - 26.100 i 9.4990 } 730 l 244.38 2162, 5 —~1918.5 | , 764 58,858 | —1918. 5 1,764
i i i | i i

TABLE VIL.—ABRIDGED VALUES FROM CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE VI

i
i
P

1 \ 2 5 6 \ 7 \ 25 | 250 25b 1 38 | 39 1 54 i 60 i 61 :
n i i 3! )
ro ‘l ha E. an ATa o, [P41@] | IPa=[P]=[QW] | onm oin P, oim
| a..l 0.5000 | 4.3750 |20.300%10¢ | 8676010 236 | _.________ | ___________ | ____________ 3616 3,616 | . __.
; 2| L6250 | 4.3750 | 29.300 8.6770 237 8 91106 0 X10-6 8.91X10-6 3502 3,375 8. 91X 106
51 7500 | 4370 | 20,300 8.6790 238 9.15 0 3537 3,160
47 1.0000 | 4.3750 | 29.300 8. 6840 241 27,20 0 27.20 3364 2,529 27.20
‘ 5. 12500 | 4.3750 | 20.200 8. 6880 244 27.03 0 27.03 3140 1,956 27.03
i 6. 1.5000 | 4.3750 | 29.200 8.6930 247 27.30 0 27.30 2897 1,402 27.30
: 700 20000 @ 4.3750 © 29.200 8.7010 252 45.48 0 45.48 2417 557 45.48
8| 3.0000 ! 3.8400 1 29.100 8. 7190 263 100. 44 0 100. 44 1725 —1,301 100. 44
9__| 4.0000 : 3.2750 @ 29.100 8.7370 7 100, 84 0 100. 84 933 —3.144 100. 84
100) 50000 ! 2.6800 | 29.000 8. 7560 286 110, 28 0 110. 28 2 —5,260 110. 28
11, 55000 = 2.3720 | 29.000 ! 8, 7640 291 46.11 0 46.11 —545 —6,093 46. 11
12! Blooo0 | 22100 | 28900 | 8.7730 297 55. 26 0 55.26 —1108 —7,185 55.26
130 6.5000 | 2.1600 | 28900 . 8.7820 302 16, 38 0 46. 58 —1639 —8,043 46. 58
1400 70000 . 201550 | 28900 & 7910 I 308 55,46 0 55.46 —2140 —9,150 55.46
[ 1500 7.5000 | 2.7000 | 28.500 187990 313 16, 46 it 16. 16 ~2165 ! —9 819 6. 46
' §O160 8.0000 | 2.7000 | 28.800 8. 8090 319 55. 98 0 55. 98 | —2676 | ~10889 55. 98
{170 8.2500 | 2.5500 | 28.800 | 8.8140 322 28.04 167.16 —139.12 | —3025 —6, 756 —139.12
18, 8.5000 | 2.3800 . 28.800 8. 8170 L34 18. 60 858. 97 —840.37 Po—3000 1 17,132 —840.37
1900 8.7500 | 201450 | 28.800 i 8 8220 | 327 28. 09 1333.5 —1305. 4 | —2197 . 53,534 | —1305.4
bo_; 9.0000 , 1.9100 ; 28.800 . 8.8260 ‘ 330 2% 79 2162. 5 [—2134.7 ‘ 0 | 112,600 | —1461.0
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TABLE VII.—ABRIDGED VALUES FROM CALCULATION OF STRESS DISTRIBUTION FOR EXAMPLE VII

[ ‘
1 l 2 5 \ 6 7 \ 25 ‘ 250 25h \ 38 ‘ 39 } 54 ‘ 60 i 61
n | B
T ha | Ea| an | ATa| Ho | [POH@ | Ham[P-[@0 | onn oin P Grn oin
‘ | (@—P"
a.| 0500 | 43750 | | | | |emceeeeos il —2468 —2,468 | ... —2356 —2,356
20| L6250 | 4.3750 0 X10-¢ 0 X10°¢ —2468 —2,468 0 X10-¢ —2356 —2, 356
3.0 L7500 | 4.3750 0 0 —2468 —2,468 0 —2356 —2,356
4__| 1.0000 4. 3750 0 0 —2468 —2,468 0 —2356 -2, 356
5.0 12500 | 43750 | = | T 0 0 —2468 —2,468 0 —2356 —2, 356
6] 1.5000 | 4.375%0 | = | S 0 0 —2468 —2, 468 0 —2356 —2,356
‘ 70 20000 | 43750 | X ) X 2 s 0 0 —2468 —2, 468 0 —2356 —2,356
8| o000 | 3880 | & | € = = 0 0 —2779 —2,614 0 —2653 —2,496
9 | 4.0000 | 3.2750 | & | R 2 2 0 0 —3183 —2,849 0 —3039 —2,720
10.1 5. 0000 2, 6300 : P 32 3 0 0 —3779 —3,193 0 —3608 —3,049
11.| 55000 | 2.3720 s | 8 % 12 0 0 —4202 —3,428 0 —4012 —3,273
12, 6.0000 | 2.2100 | 2 | = 5 g 0 0 —4437 —3,604 0 —4237 —3,442
13| 6.5000 2. 1600 3 ] C o 0 0 —4475 3,705 0 —4273 —3, 537
141 7.0000 | 2.1550 z | 3 0 0 —4432 —3,762 0 —4232 —3,502
15 7.5000 | 2.7000 g z 0 0 —3518 —3,476 0 —3359 —3,319
G160 BOO0O | 27000 | © | O 0 0 —3515 —3,479 0 —3356 —3,321
Pl g2500 | 205500 167.16 —167.16 —3644 1,358 —167.16 —3476 1,519
18] 85000 | 2.3800 | 858.97 —858.97 —3378 26, 512 —858.97 —3199 26, 677
190 8.7500 | 2.1450 1333.5 —1333.5 —2292 | 65023 | —1333.5 —2093 65, 195
b,.‘ 9. 0000 1. 9% i | 1488.8 —1488.8 i 107, 180 —947.81 0 91, 169
TABLE VIII.—CALCULATION OF STRESS DISTRIBUTION FOR PARALLEL-SIDED DISK
(a) Abridged values
T : Y — -
| l 2 ‘ 5 ‘ 6 7 25 25a { 25b 38 ) 39 { % ‘ 4 l 60 ‘ 61
w o ; | —— - — — — i
‘ Tn ‘ hn K an ATy I, [P a)+(Q] ‘ I —[P'n]— Q4] Or.n ain Tyun Gen Fr.n } Tin
—— e — PR— e — .
|
a._| 0. 5000 0 | 176,040 176, 040 0 | 124,52
2| .6250 31,650 | 142,520 129, 620 24,962 | 127,150
3| L7500 48,400 | 124,850 109, 030 41,519 | 124,510
4| 1.0000 e < 64,573 | 106,350 | o 92, 892 60,031 | 111,630
5__| 1.5000 g = = 74, 394 9,900 | & 84, 518 72, 549 93,977
6.0 20000 E X X < e e 2 75, 607 86,673 | & 81, 704 74,625 87,813
7| 25000 Z z g ] = 2 = 74, 187 83,208 | = 79,119 73, 589 84,005
81 3.0000 Z = & e “ 2 < 71,369 80,278 | « 76,215 70, 976 80, 803
9.} 3.5000 = & ® 8 & 8 & 67, 553 77,268 | & 72, 898 67, 282 77, 669
10, 4.0000 = = 2 z Z % g 62, 892 74,060 | E 69, 156 62, 700 74, 380
11| 4.5000 8 < 2 ) g g g 57,471 70,579 | S 65,024 57,332 70, 845
120 5.0000 Z z H O o] < & 51,322 66, 782 & 60, 551 51,223 67,009
13| 5.5000 e =z 1A 44,473 62,650 | S 55,827 44, 401 62, 847
14.| 6.0000 © g 2 36,934 58,163 50,979 36, 883 58,339
15.1 6.5000 & 3 28,711 53,317 46,219 28, 678 53,476
16| 7.0000 19,813 48,103 41,873 19, 792 48,249
170 7.5000 10, 248 42, 518 38,433 10, 232 42,654
b._| 80000 36, 562 36, 562 36,919
(b) Caleulation for first approximation of plastic-stress distribution
| ! H |
2 o8 4 4 4 48 ! 19 " 50 ; 51 ‘ 52 ‘
o R A . R R R L A R i
| Arn, At,n, {
O/ @O | 146D P 1—@8) | @raphread- | 2o (46a) (d6n) DXAD | (UDwX(D) | GBXEO | @9.XED | 69t
o AR P e fig 1y | (estimate) @nxe” @ x2 Ona X n-1 i (<51T+(‘?‘§§>
! ! ‘ “ [2X (9 - @0} | (X9~ 9]
‘ ;
et e e — — ‘ _
S R [ | 1800X10-6 | 1800X10-5 | —900.00%10-8 | 1800.00%10~® | .. ... | oo oo | .o ...
0.10000  0.12500 = 1.1000 | 0.87500 | 550 550 —168.06 537. 56 16806100 | —112.50X10-5 | 591.32X106 | 1575,0X10-6 | 854.37X10-0
08333 ' .10000 | 1.0833 | .90000 | 300 300 —38. 59 276. 95 —3.2158 —16. 806 300. 02 483.80 163. 75
L 12500 .1667()‘ 1.1250 | 83333 0 0 0 0 0 —6.4330 0 230. 78 22434
i
54 55 56 57 58 59 60 61 } 62 1
|
n H w—1P'2]— M, M',, By, By », - - ot Gouns
¥ e p 104 | [(54) X (8)+ (27) X (67} 1+ (20) X (57) n-1+ I PN £-/ I, NI (RT3
Q= r,, | LNt X : ov,s— (570 8+ | 33X B+ | BOXEN+ | | {60+ @D
(5 X@D]= | 14)X(20)]+ | (28) X (58) -1+ (30) X (58) n-1+ O : N .
(25b) — (53) 26) 126) (55) (56 33)s (57) (58) (60) X (61)
2 S T s O O N S UDIO U I PPU U .
2 | —854.37X10- 2,144 1 23,499 2,144.1 23,499 138, 510 138, 510
3.0 —163.75 117.81 4,475.8 5 539.1 24, 590 27,216 135, 700 124, 390
4| —224.34 101.23 .7 9,835.0 25, 875 43, 981 122, 980 107, 930
5. 0 —1,872.7 . 28 12,435 19, 838 = 61,477 109, 960 95, 450
6. 0 —2,641.2 .8 11, 424 17,021 S O .
7. 0 —3,423.3 .6 9,013.8 14, 655 - I I
8. 0 —4,212.0 .8 5,667. 5 12, 209 [ I s
9. 0 —5,005.0 .2 1,533.5 9,519.1 S I -
10, 0 —5,800.2 .1 —3.328.3 6, 519.0 - -
1. 0 —6,597.3 .8 —8,880.8 3,178.3 g | -
12, 0 —7,395.5 7 —15, 136 ~518.0 2 R
13. 0 —8,194.6 .5 —22, 060 —4,578.8 7 R I
14. 0 —8,094.4 .9 —29, 657 —9,000. 6 (S R . -
15, 0 —9,79%4.6 5. 0 —37, 923 -13,814 L -
16 0 ~10, 595 .8 —46, 856 —18,994 |l e e
17. 0 -11, 3% .1 —56, 454 —24,550 | 0 eeeiee eeaeas
be. 0 —-12,197 .5 —66, 717 —30, 483 F e
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Positive direetions of axes and angles {forees and moments; are showa by arrows
Axis ; Moement about axis Angle YVelocities
Foree : : ; » ; < !
(pa.raiie} : i : ‘ Linesar
Designation Sym- to_;:xz)ig% 5 Designati { Sym- ( Positive Designa- i ym- ! {compo- ] Angular
g bol |5 ‘ CHMEDALOD | 451 ¢ direction | tion i bol nent along . ng
; ; axis) :
i o ;
I | i
Longitudipal X X | Rolling______ i
Lateral __ Y ¥ { Pitching.__.... A
Norma zZ Z : ’xat':mg, ______ N
Absolute coefficiants of moment Aned
L - kY N
Ci=—a Cp=—"r Co=—1
258 geS abS
{(rolling) {pitching) {vawing)
4. PROPELLER SYMBOLS
D Diameter . P
. P Power, absolute coeflicient Cr=—375
P Geometric pitch pndD
p/DD  Pitch ratio . 2oV
v’ Inflow velocity C, Speed-power weﬁicxent~\, P
v, Slipstream velocity ; ” Efficieney
T Thrust, absolute coefficient Cr=-- Ty Revolutions per second, r
on’
Q - beol i Q P Effective helix angle=tan~ ‘(,”n)
torgue, absglute coethelent (p=—135%
q2¢, ° €0 ent Me= nare
5. NUMERICAL RELATIONS
I hp=78.94 5z.m 5=>559 f1-ib,/sec 1 ib=0.4536 kg
1 metric horsepower=0.9863 Lip 1 kg=2.20461b
1 mph=0.4470 mps 1 mi=1,609.35 m=15,280 1t
1 mps=2.2369 mph 1 m=3.2808 {t




